Mathematical correlations have been developed for describing the enthalpy of solvation of organic solutes into room-temperature ionic liquids (RTILs) based on the Abraham general solvation model with ion-specific equation coefficients. The derived correlations contain six cation-specific and six anion-specific equation coefficients that were determined through regression analyses. The derived equations correlated the observed enthalpies of solvation data to within a standard deviation of about 1.7 kJ/mol. The nine sets of cationspecific and eight sets of anion-specific equation coefficients that have been calculated can be combined to yield equations capable of predicting the enthalpies of solvation of organic solutes and gases in 72 different RTILs.
Introduction
Room-temperature ionic liquids (RTILs) have generated considerable interest in recent years because of their unique physical and chemical properties. New generation RTILs have become an increasingly popular solvent choice for the manufacture of nanomaterials and new pharmaceutical drug molecules, as stationary-phase liquids for gas chromatographic separations, as gas absorption agents, and as extraction solvent systems for the removal of nitrogen and sulfur components from diesel fuels and petroleum crude oils. As representative examples, Xie and co-workers 1 reported that up to 50% of the neutral nitrogen compounds in a straight-run diesel feed could be removed in a single extraction step using either 1-methyl-3-butylimidazoium chloride [ + (BF 4 ) -] at an equimass RTIL-to-feed ratio. Additional experimental [3] [4] [5] [6] and theoretical 7 studies have further documented that the solubilizing properties and absorption capacities of ionic liquids depend on the polarity, shape, and size of the composite cation and anion.
The present study continues our characterization of the solubilizing properties of RTILs. Previously we have reported linear free energy relationship (LFER) correlations for the gasto-RTIL partition coefficients, K, for gas and organic vapors dissolved in RTILs [8] [9] [10] and for the partitioning of solutes between water and a RTIL, where P is the water-to-RTIL partition coefficient both based on the Abraham model. The independent variables in eqs 1 and 2 are solute descriptors as follows: E and S refer to the excess molar refraction in units of (cm 3 mol -1 )/10 and dipolarity/polarizability descriptors of the solute, respectively, A and B are measures of the solute hydrogen-bond acidity and basicity, V is the McGowan volume in units of (cm 3 mol -1 )/ 100, and L is the logarithm of the gas-to-hexadecane partition coefficient at 298.15 K. The regression coefficients and constants are determined by regression analyses of the experimental data for the given partition process. To date, we have determined equation coefficients for 12 different cations and for eight different anions using a database that contained more than 1100 experimental log K and 1100 experimental log P values derived from solubility and activity coefficient measurements. The derived ion-specific equation coefficients described the observed log K and log P data to within a standard deviation of SD ) 0.14 and SD ) 0.15 log units, respectively. [8] [9] [10] [11] [12] [13] The major advantage of splitting the equation coefficients into individual cation-specific and anion-specific contributions is that one can make predictions for more RTILs. Normally one needs partition coefficient data for 40-50 solutes dissolved in a given RTIL to develop a RTIL-specific Abraham model correlation. By combining all of the experimental data for a RTIL containing, for example, either a 1-methyl-3-octylimidazolium cation, (MOIm) + ,and trifluoromethane-sulfonate anion, (Trif) -, it may be possible to calculate (MOIm) + -specific and (Trif) --specific equation coefficients where there was too few data points for the (MOIm) + (Trif) -ionic liquid to develop a meaningful correlation. The computational methodology that we proposed permits us to calculate more ion-specific equation coefficients as more experimental data become available in the future, and the basic computational methodology can be applied to LFERs that employ different kinds/types of solute descriptors.
The Abraham model correlations that we have developed for RTILs pertain to 298.15 K. Manufacturing applications and chemical separation processes are not restricted to 298.15 K.
In fact the nitrogen removal studies mentioned above were performed at 333 K. There is a growing need to estimate partitioning properties at other temperatures as well. From a thermodynamic standpoint, the gas-to-condensed-phase partition coefficient, K, and water-to-organic solvent partition coefficient, P, can be estimated at other temperatures from the universal gas constant (R), measured partition coefficient data at 298.15 K and the solute's enthalpy of solvation, ∆H solv , or enthalpy of transfer, ∆H trans , between the two condensed phases. The enthalpy of transfer needed in eq 4 is defined as the difference in the enthalpy of solvation of the solute in the specified organic solvent minus its enthalpy of solvation in water. The above equations assume zero heat capacity changes.
Here and elsewhere, N corresponds to the number of solutes, R denotes the correlation coefficient, SD is the standard deviation, and F corresponds to the Fisher F-statistic.
In the present study we examine the applicability of the Abraham solvation parameter model as a mathematical correlation for describing the enthalpy of solvation data of organic solutes and ionic gases in room-temperature ionic liquids. Both the RTIL-specific and ion-specific equation coefficient forms of the Abraham model are considered. Equation coefficients are reported for nine cations and eight anions. The calculated coefficients can be combined to give mathematical expressions capable of predicting ∆H solv in 72 different RTILs.
Data Set and Computation Methodology
Our search of the published chemical and engineering literature found several papers 22-53 that reported experimental infinite dilution activity coefficient data, γ solute ∞ , for solutes dissolved in 1-methyl-3-ethylimidazolium bis(trifluoromethylsulfonyl)imide [(MEIm) 14 The organic solutes were liquids at 323 K. Enthalpies of vaporization used in this conversion were based on the published ∆H vap,323K data from the compilation by Chickos and Acree, 14 and were converted to a common temperature of 323 K using the method recommended by the authors. The correction of ∆H vap from 298 to 323 K amounted to less than -2.5 kJ/mol for the solutes considered here, which is believed to be less than the experimental uncertainty in the ∆H ex,∞ data.
In total, experimental ∆H ex,∞ values were found for 675 solute-RTIL pairs. The experimental ∆H ex,∞ values were converted to enthalpies of solvation through eq 10. For convenience, we have compiled in Table S1 (Supporting Information) the entire database of ∆H solv values, along with the solute descriptors of all of the compounds considered in the present study. The solute descriptors are of experimental origin and came from our solute descriptor database, which now contains values for more than 4000 different organic and organometallic compounds.
A few additional comments concerning the computational methodology that we will employ in this study. As noted previously, the cation-specific and anion-specific coefficients in eqs 1 and 2 are paired. Each cation-specific coefficient goes together with its anion-specific counterpart to make up a summed value that the five solute descriptors are multiplied by. If one were to perform a regression analysis on eqs 1 and 2, the statistical software would generate numerical equation coefficients based on some reference point. The reference point would likely depend on the particular database used and the software's built-in convergence routine. Calculation of additional ion values at some later time would be difficult as there is no guarantee that the next regression analyses would find the same reference point. In accordance with the computational methodology that we recommended in our earlier papers, [8] [9] [10] we have set the anion-specific equation coefficients of [(Tf) 2 
N]
-equal to zero. In many respects our fixed reference point is analogous to how the chemical potentials of the individual ions are determined. By convention the chemical potential of the hydrogen ion is defined to be zero, and the values of all other
ions are computed relative to this defined thermodynamic reference state.
Results and Discussion
There is sufficient experimental ∆H solv data for 1-methyl-3-butylimidazolium bis(trifluoromethylsulfonyl)imide (53 values), 1-methyl-3-hexylimidazolium bis(trifluoromethylsulfonyl)imide (55 values), and trimethylbutylammonium bis(trifluoromethylsulfonyl)imide (51 values) to develop RTIL-specific Abraham model correlations. These RTIL-specific correlations provide a benchmark to use in assessing how much predictive accuracy is lost whenever the equation coefficients are split into separate cation-specific and anion-specific contributions. The ∆H solv values in Table S1 for these three RTILs were analyzed according to the Abraham model with the dependent variable being ∆H solv . The equation coefficients for the three RTILs are given in Table 1 , along with the corresponding statistical information, where N corresponds to the number of solutes, R 2 denotes the squared correlation coefficient, SD is the standard deviation, and F corresponds to the Fisher F-statistic. The standard errors in the calculated coefficients are given in parentheses below the respective equation coefficient. Regression analyses were performed using SPSS statistical software.
Examination of the statistical information reveals that all six equations are statistically very good given the number of compounds present in the database and the chemical diversity of the different organic solutes studied. Standard deviations were in the range of 1.40-1.70 kJ/mol for the three data sets that span ranges of ∆H solv of about 40 kJ/mol. For two of the three RTILs the correlations that included the L-descriptor were slightly better than their V-descriptor counterpart. From a thermodynamic point-of-view eq 1 is the enthalpic temperature derivative of the Abraham model's gas-to-RTIL transfer equation. The correlations that contain the V-descriptor might be more useful in some predictive applications in instances where the L-descriptor is not known. Equation 2 correlations use the McGowan volume, V-descriptor, which is easily calculable from the individual atomic sizes and numbers of bonds in the molecule. 15 See Figure 1 for a presented plot of calculated values of ∆H solv based on eq 1 (equation coefficients in Figures 2 and 3 for a graphical plot of the experimental ∆H solv data versus calculated values based on eqs 1 and 2.) For information purposes, an uncertainty/error of (2 kJ/mol in the enthalpy of solvation results in an error of slightly less than 0.04 log units in extrapolating a log K value measured at 323.15-338.15 K. This level of error will be sufficient for most practical chemical and engineering applications.
Standard errors in the coefficients are given in parentheses next to the respective values in Tables 2 and 3 . For the most part, the larger standard errors were noted in the equation coefficients for those ions for which experimental data were limited. The number of data points for the individual ions ranged from a minimum of 27 ∆H solv values for (F 3 Ac) -anion to more than 175 ∆H solv values for both (BMIm) + and (MEIm) + cations and the [(Tf) 2 N] -anion. Solutes were typically a few inert gases and diatomic gas molecules, linear (up to dodecane) and cyclic alkanes, alkenes, alkynes, alkylbenzenes, linear and branched alcohols, linear and cyclic monoethers (plus 1,4-dioxane), chlorinated methanes and a few of the smaller aldehydes, ketones, and alkyl esters. The solute descriptor space defined by these compounds would be E ) 0.000 to E ) 0.850; S ) 0.000 to S ) 0.900; A ) 0.000 to A ) 0.430; B ) 0.000 to B ) 0.650; V ) 0.109 to V ) 1.800; and L ) -1.200 to L ) 5.700. There were very few solutes having large solute descriptor values, and the lack of highly acidic and basic compounds in the database contributed in part to the large observed standard errors. Large standard errors were similarly noted in the ion-specific equation coefficients for our initial log K and log P Abraham model correlations. The standard errors did decrease in magnitude when additional log K and log P values were added to the database. We expect the same to happen with the ∆H solv correlations. Despite these shortcomings we believe that the experimental ∆H solv database was sufficient to demonstrate the applicability of the proposed method of correlating enthalpies of solvation with the cationspecific and anion-specific equation coefficient form of the basic Abraham model. We expect the derived correlations to provide reasonable estimates of the enthalpies of solvation for additional solutes dissolved in RTILs containing the nine cations and eight anions considered here, provided that solute's descriptors are within the predictive area of chemical space covered by eqs 1 and 2.
During the course of our regression analyses, we discovered that the published experimental ∆H solv data for 1-propyl-2,3-dimethylimidazolium tetrafluoroborate 16, 17 [(PM 2 Im) + (BF 4 ) -] could not be correlated using the ion-specific form of the Abraham model. The 34 experimental ∆H solv data points in Table S4 (Supporting Information) were analyzed in terms of the basic model to give -. To assess the predictive capability of eqs 1 and 2, we divided the 675 data points into a training set and a test set by selecting every other data point in the complete database. The selection ensured that each ion was equally represented in both the training and test sets. The selected data points became the training set, and the compounds that were left served as the test set. Analysis of the 338 experimental data points in the training set gave the cation-specific and anionspecific equation coefficients listed in Tables 2S and 3S (Supporting Information), with SD ) 1.45 and SD ) 1.60 kJ/mol, R 2 ) 0.999 and R 2 ) 0.998, and F ) 2920 and F ) 1266 for eqs 1 and 2, respectively. The training set equation coefficients were then used to predict ∆H solv values for the remaining 337 compounds in the test set. For the predicted ∆H solv (kJ/mol) ) -1.188 (5.912) -1.103(7.858)E -33.961(9.246)S -43.349(10.667)A -6.092(9.531) and experimental values we find SD ) 2.02 kJ/mol, average absolute error (AAE) ) 1.47 kJ/mol, and average error (AE) ) 0.075 kJ/mol for eq 1. Very similar results of SD ) 2.09 kJ/mol, AAE ) 1.52 kJ/mol, and AE ) 0.061 kJ/mol were found for eq 2. There is therefore very little bias in the predictions using eq 1 (coefficients in Table 2S ) with AE ) 0.075 kJ/mol and eq 2 (coefficients in Table 3S ) with AE ) 0.061 kJ/mol.
The list of ion-specific equation coefficients that we have provided in Tables 2 and 3 can be easily updated or increased to include more cations/anions as experimental data for more RTILs becomes available. Should one wish to calculate additional ion-specific equation coefficients for the Abraham model there are calculation methods that can be used that would not significantly change the values that have already been calculated. One simple method would be to redefine the regressed "dependent experimental value" as the difference between the experimental ∆H solv value and the calculated contribution for the ion whose equation coefficients are known. Equation coefficients of the other counterion could then be computed by regression analysis without altering the values that have already been determined. The computation method allows one to combine experimental data for several RTILs having the desired ion whose equation coefficients one wishes to calculate. By combining data sets, one can calculate equation coefficients for ions that otherwise might not be possible. For example, suppose that one had experimental enthalpy of solvation data for 18 different solutes dissolved in 1-methyl-3-butylammonium tosylate and enthalpy data for another set of 18 solutes dissolved in 4-methyl-N-butylpyridinium tosylate. There is not sufficient experimental data for either RTIL to develop a meaningful correlation model; however, when the two data sets are combined there are 36 total measured values. Alternatively, one might measure sufficient experimental enthalpy of solvation data for a given RTIL to determine a RTIL-specific correlation based on the Abraham model. In such instances, one could calculate the equation coefficients, for example for a new anion, simply by subtracting the respective cation-specific values that were determined previously from the calculated equation coefficients for the entire RTIL (i.e., c anion ) c RTIL -c cation ; e anion ) e RTIL -e cation ; etc.). Both computational approaches would ensure that the Abraham model ion-specific equation coefficients that might be reported in future years for RTILs would be compatible with earlier values. The suggested computation methodology also allows one to revise the ion-specific equation coefficients for the cations (BMPyr) + , (E 3 S) + , (M 2 EIm) + , and (BMPy) + and/or anions (SCN)
-and (AcF 3 ) -that were computed from limited experimental data. The ability to compute (or revise) equation coefficients of a given ion without affecting the numerical values that have been calculated for other ions is highly desirable. The popularity of RTILs as solvent media continues to grow, and new ionic liquids continue to be synthesized in response to the growing industrial demand for these rather novel liquid organic compounds. Table of experimental enthalpies of solvation of organic solutes in room-temperature ionic liquids, along with the solute descriptors for all of the compounds considered in the present study, and references for the experimental enthalpy of solvation data. This material is available free of charge via the Internet at http://pubs.acs.org.
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